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Final Progress Report
Department of Defense grant DAMD17-02-1-0383
Maureen E. Murphy, Ph.D.

I. Introduction

The goal of this research project is to better understand the tumor suppressive and
apoptotic functions of the p53 tumor suppressor protein. As the p53 tumor suppressor
gene is mutated or inactivated in up to 30% of breast cancers, understanding how this
tumor suppressor gene functions to suppress breast cancer is an important goal. Our
research in this application initially proposed creating recombinant viruses that
selectively replicated in tumor cells with inactivated or mutant versions of p53. This
work led to our surprising discovery that p53 has a transcription-independent mechanism
for programmed cell death. Further, this direct, transcription-independent function of p53
is influenced by a common polymorphism in p53, at codon 72. Specifically, we have
found that the arginine 72 form of p53 (R72) has over 15-fold increased ability to induce
programmed cell death than the proline 72 (P72) form. Significantly, a retrovirus that
encodes the R72 form of p53 also has increased ability to target and destroy tumor cells,
relative to a retrovirus that expresses equivalent levels of the P72 protein. These studies
led to our discovery using mass spectrometry that the R72 form of p53 interacts directly
with the pro-apoptotic protein BAK. Research from this proposal has directly led to 3
publications in outstanding peer-reviewed journals, Nature Cell Biology, J Natl Cancer
Inst, and Cell Cycle (reprints included in the Appendix). More importantly, the research
accomplished by this proposal has the immediate potential to create novel avenues for
effecting breast cancer treatment, and for understanding inter-individual differences in
cancer risk and treatment efficacy.
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II. Body
A. Overview of Progress, Year 3:

Year 3 had two goals. The first was the completion of a selectively-replicating
adenovirus in which the adenoviral E1A gene is controlled by the p53-repressible
survivin promoter. Because such selectively replicating adenoviruses were being rapidly
generated by other laboratories, and several of these showed minimal improvement over
conventional chemotherapeutic modalities’, we opted instead for our proposed alternate
approach, which was to create adenoviruses that express either the R72 or P72 forms of
p53. We proposed to create such viruses, and compare their ability to induce
programmed cell death in infected cells. We created the R72 and P72 forms of p53
using the AdEasy vector system from Stratagene. These viruses infect both murine and
human cell lines with high efficiency. Our data reproducibly indicate that the adenovirus
expressing R72 (Ad-R72) has over 10-fold increased ability to induce programmed cell
death, compared to the adenovirus expressing P72 (Ad-P72). These findings suggest that
gene therapy with p53 vectors should be used with the R72 version of this protein,
instead of the P72 version, which is currently used.

The second goal of year 3 was to elucidate the mechanism underlying transcription-
independent cell death by the R72 form of p53. We previously showed in year 2 that the
R72 form of p53 induces apoptosis more effectively than P72 because R72 traffics more
efficiently to mitochondria, where p53 binds and oligomerizes BAK (Leu et al., Nat Cell
Biology; manuscript included in the Appendix). In order to understand this more fully,
we narrowed down the region of p53 that is necessary and sufficient to oligomerize BAK
to a 20-amino acid peptide from amino acids 270-290. Notably, this region has
significant homology to a BH3 domain (BCL2 homology 3, see Figure 2). BH3 domains
are known to be capable of directly inducing BAK oligomerization and programmed cell
death. These efforts led to our modeling of the p5S3-BAK interaction using molecular
modeling programs. These efforts led to the identification of key residues in p53
responsible for contacting BAK. We fully expect that these efforts will lead to the
creation of peptidomimetics with the ability to bind and oligomerize BAK, and
subsequently lead to cell death.

B. Detailed Progress:

Task 3. Creation of recombinant adenoviruses expressing either the P72, or R72,
forms of p53, and compare these for cell killing ability.

We created the R72 and P72 forms of p53 using the AdEasy vector system from
Stratagene. Virus was purified using cesium chloride gradients, and used to infect NIH
3T3 and MCF-7 cells at a multiplicity of infection (m.o0.i.) of 1 or 10, and compared to
the Ad-GFP control. Infection with the Ad-GFP control at an m.o.i of 10 indicated that
100% of NIH 3T3 cells were infected (not shown). Significantly, cells infected with
either Ad-P72, Ad-R72, or Ad-GFP were monitored 24 hours after infection for apoptosis
using the Annexin V assay and the Guava Personal Cytometer. These analyses
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reproducibly indicated that the Ad-R72 construct induced up to 10-fold more cell death,
compared to Ad-P72, despite the fact that nearly equal levels of both proteins were
expressed (see Figure 1). Studies are underway to determine if this increase in cell
killing by Ad-R72 is true for other breast carcinoma cell lines as well. We are also

testing the ability of these adenovirally-expressed p53 proteins to bind and oligomerize
BAK in infected cells.
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Figure 1. The Ad-R72 virus induces apoptosis up to 10-fold better in NIH 3T3
cells. Left panel: Percent of Annexin positive cells following 24 hours of infec-
tion with the MOI shown. Data depicted are the averaged results of three inde-
pendent experiments, with standard error. Right panel: Level of p53 in infected
cells using the antibody Ab-6 (Calbiochem) which detects only human p53.

Task 3: Determine the mechanism for cell death of adenovirally-expressed p53.

We recently reported that p53 binds to the mitochondrial protein BAK, and can
directly oligomerize BAK and induce cytochrome ¢ release and cell death®. In efforts to
better understand this activity, we chose to delineate the region of p53 that is necessary
and sufficient for interaction with, and oligomerization of, BAK. Using GST fusion
proteins containing different portions of p53, and in vitro BAK oligomerization assays,
we narrowed down the region of p53 resposnible for binding and oligomerizing BAK to
amino acids 270-290 of this protein (not shown). Notably, this region contains
significant homology to the BH3 domains of other Bcl2 family members (see Figure 2).
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BAK
Bad :

Figure 2. Alignment of the p53 helix from amino acids 278-289 to the BH3
domains from BAK and BAD. Asterisks mark key residues in the alignment.

Molecular modeling of the pS3-BAK interaction.
In collaboration with the Molecular Modeling Core Facility at Fox Chase Cancer

Center, we recently modeled the interaction of the p53 “BH3-like” domain with BAK
(see Figure 3).

Figure 3. Molecular model of the p53 “BH3-like” domain (amino acids 278-289)
with BAK. Key charge-charge interactions at p53 amino acids 280 and 282
are predicted form the model.

This modeling revealed extensive charge-charge interactions between amino acids
in p53 and BAK, and highlighted interactions between p53 residues 280 and 282 with
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BAK serine 117, and BAK aspartic and glutamic acid residues 85 and 92, respectively.
Validation of this model was provided by our finding that mutation of either p53 arginine
280 or 282 to aspartic acid inhibited the ability of p53 to oligomerize BAK (see Figure
4). Interestingly, we also found that mutation of residue 282 to tryptophan, which occurs
in a significant percent of human cancers including breast cancers, also abrogates the
ability of p53 to oligomerize BAK. We are currently expanding our efforts to validate
this model. We plan to extend these studies to test the ability of this 20 amino acid
peptide to oligomerize BAK, and induce cell death, in cultured breast carcinoma cell
lines.

GET-p53 GST-ps5
M M Figure 4. Mutation of p53
o o & D s oo D residues 280 and 282
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F LS & & &FFF g
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oligomerized BAK. The right
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III. Key Research Accomplishments

Creation of adenovirus vectors that express the arginine 72 polymorphic variant of
p53, as well as the proline 72 variant.

Demonstration that the Ad-R72 virus induces 10-fold increased cell death than the
Ad-P72 virus, despite equal levels of protein expressed.

Molecular modeling of the p53-BAK interaction, which we have shown is critical
for transcription-independent programmed cell death by p53.

Validation of the p5S3-BAK molecular model, with the demonstration that mutation
of two predicted key residues eliminates the ability of p53 to oligomerize BAK.
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IV. Reportable Outcomes

Manuscripts, all three years:

1. Bao R, Connolly DC, Murphy M, Green J, Weinstein JK, Pisarcik DA, Hamilton TC.
(2002) Activation of cancer-specific gene expression by the survivin promoter. J Natl

Cancer Inst. 94:522-8.

2. Leu JI, Dumont P, Hafey M, Murphy ME, George DL (2004). Mitochondrial p53
activates Bak and causes disruption of a Bak-Mcl1 complex. Nat Cell Biol. 6:443-50.

3. Murphy ME, Leu JI, George DL. (2004) p53 moves to mitochondria: a turn on the
path to apoptosis. Cell Cycle. 3:836-9.

Viruses:
1. The Ad-R72 and Ad-P72 adenoviruses.

V. Conclusions

We have shown that the P72 form of p53, which is currently being used in all gene
therapy efforts utilizing the p53 tumor suppressor protein, is a significantly poorer
inducer of apoptosis than the R72 form of p53.

We have shown that the R72 form of p53 induces cell death better due to enhanced
mitochondrial localization of this form of p53.

Once at the mitochondria, we used mass spectrometry analysis to identify the
BCL2-family member BAK as a key p53-interacting protein.

We have shown that p53 binds directly to BAK, and can directly induce BAK
oligomerization, leading to cytochrome c release and caspase activation.

We have identified a domain of p53, from amino acids 270-290, that has homology
to a BH3 (BCL2-homology 3) domain.

Mutations in the BH3 domain of p53 abrogate the ability of this protein to bind and
oligomerize BAK.
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Activation of Cancer-Specific Gene Expression by the

Survivin Promoter

MURPHY, Maureen E.

Rudi Bao, Denise C. Connolly, Maureen Murphy, Jeffrey Green, Jillian K.

Weinstein, Debra A. Pisarcik, Thomas C. Hamilton

Background: Survivin, a member of the IAP (inhibitor of
apoptosis) gene family, appears to be overexpressed in com-
mon cancers but not in corresponding normal adult tissues.
To investigate whether the survivin promoter controls can-
cer cell-specific gene expression, we determined whether the
survivin gene promoter could regulate reporter gene expres-
sion in cancer cell lines and xenografts. Methods: Survivin
protein levels were determined in human and murine cancer
cell lines and in normal tissues of adult C57BL/6 mice by
Western blot analysis. A reporter construct in which a por-
tion of the survivin gene promoter was used to drive tran-
scription of a human secreted alkaline phosphatase (SEAP)
gene was transiently transfected into cancer cells, and pro-
moter activity was extrapolated from SEAP activity. A2780
human ovarian cancer cells were transfected with this con-
struct, and stable transfectants were injected into the intra-
bursal ovarian space of immunodeficient mice. Tumor
growth was monitored, and plasma SEAP levels were used as
a measure of survivin promoter activity ir vivo. Results: Sur-
vivin protein was detected in all cancer cell lines examined
but not in most normal adult mouse tissues. After transfec-
tion, the survivin promoter was more active in all cancer cell
lines than in normal ovarian surface epithelial cells or mouse
3T3 cells. After 0.8 x 10° stable transfectant cells were in-
jected into the intrabursal cavity of mouse ovaries, plasma
SEAP activity was detected within 24 hours, and the activity
increased with time and tumor growth. Conclusion: Trans-
fection experiments indicate that survivin protein expression
in cancer tissue appears to be regulated, at least in part,
transcriptionally. Thus, the survivin promoter may be useful
in controlling gene expression in cancer cells. [J Natl Cancer
Inst 2002;94:522-8]

Members of the inhibitors of apoptosis (IAP) gene family
may play important roles in the survival of cancer cells and the
progression of malignancies. The first IAP isolated was the
product of a baculovirus gene. Other members of this gene fam-
ily, including survivin (1), have subsequently been identified in
many species, including humans (2). Genes for members of the
IAP family are generally characterized by one or more copies of
the so-called baculovirus IAP repeat and by a ring finger domain
at their carboxyl terminus (3). The survivin gene, located on the
long arm of human chromosome 17 at band 25, contains a single
baculovirus IAP repeat but no ring finger motif. Because sur-
vivin inhibits apoptosis in mammalian cells, the ring finger may
not be required for all IAP functions, at least in mammals (3).

Although survivin is not expressed in normal adult human
tissues, it is expressed in various human cancers (4,5). Survivin
expression may be activated transcriptionally (6); consequently,
the survivin promoter might be a cancer-specific promoter with
utility in gene therapy or oncolytic viral replication. Such a
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tumor-selective promoter may also be useful in tumor-prone
transgenic mice by activating the expression of a marker gene at
the initiation of oncogenesis. In this study, we used transfection
experiments to examine whether 1092 base pairs of the 5’ up-
stream regulatory sequence of the human survivin gene could
control the expression of a reporter gene in cancer cell lines
derived from tumors of the uterine cervix, breast, ovary, lung,
and colon. We also evaluated the activity of the survivin pro-
moter in a cancer cell line in vivo as a xenograft.

MATERIALS AND METHODS
Cell Lines and Cell Culture

The following human cancer cell lines (and their tissue of
origin) were used in this study: A2780, OVCAR3, OVCARS,
OVCARS, OVCARI10, SKOV3, PEOI1, and UPN251 (ovary);
HT29 (colon); MCF7 (breast); H1299 (lung); and HeLa (uterus).
ROSE-TAg is a tumorigenic cell line derived from Fisher 344
rat ovarian surface epithelial (ROSE) cells transformed with
simian virus 40 (SV40) large T antigen (TAg) in vitro. NuTul9
and NuTu26 are spontaneously transformed cell lines derived
from Fisher 344 ROSE cells (7). 1G10 and IF5 are spontaneously
transformed mouse ovarian surface epithelial (MOSE) cell lines
(8). Mc6 is a mammary cancer cell line derived from a mam-
mary tumor of a mammary tumor-prone C3 (1)/TAg transgenic
mouse line, and Prl4 is a prostate cancer cell line derived from
a prostate tumor of a prostate cancer-prone line of C3 (1)/TAg
transgenic mice (9,10). Normal MOSE cells were isolated from
the ovaries of C57BL/6 adult mice (8) and used for up to three
passages. Normal ROSE cells were isolated from the ovaries of
Fisher 344 rats (7) and used for up to five passages. Normal
human ovarian surface epithelial (HOSE) cells were derived
from normal human ovaries as previously described (17). NIH
3T3 is an immortalized, nontumorigenic mouse fibroblast cell
line. All cell lines were maintained at 37°C in a humidified
incubator with an atmosphere of 5% CO,/95% air. HOSE,
A2780, OVCAR3, OVCARS, OVCARS, OVCARI10, SKOV3,
PEO1, UPN251, ROSE-TAg, NuTul9, NuTu26, MCF7, and
normal ROSE cells were cultured in RPMI 1640 medium
(GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal
bovine serum (FBS). IG10, IF5, Mc6, Pr14, and MOSE cells
were cultured in Dulbecco’s modified Eagle medium (DMEM;
GIBCO BRL) plus 5% FBS. NIH 3T3 cells were cultured in

Affiliations of authors: R. Bao, D. C. Connolly, J. K. Weinstein, D. A. Pisar-
cik, T. C. Hamilton, (Ovarian Cancer Program), M. Murphy (Department of
Pharmacology), Fox Chase Cancer Center, Philadelphia, PA; J. Green, Labora-
tory of Cell Regulation and Cé:cinogenesis, National Cancer Institute, Bethes-
da, MD.

Correspondence to: Thomas C. Hamilton, Ph.D., Ovarian Cancer Program,
Fox Chase Cancer Center, 7701 Burholme Ave., Philadelphia, PA 19111
(tc_hamilton @fccc.edu).

See “Notes” following “References.”
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DMEM plus 10% calf serum, and H1299 and HeL.a cells were
cultured in DMEM plus 10% FBS. All media were supple-
mented with streptomycin (100 pg/mL), penicillin (100 U/mL),
glutamine (0.3 mg/mL), and pork insulin (0.25 U/mL or 1x ITS
[insulin, transferrin, and selenium]; GIBCO BRL, Rockville,
MD).

Western Blot Analysis

At about 70% confluence, cells were harvested with trypsin/
EDTA, and PBS-washed cell pellets were stored at —70 °C until
use. Whole-cell protein was extracted from the cell pellets with
RIPA buffer (50 mM Tris-HCI at pH 7.4, 150 mM NaCli, 1%
Triton X-100, 0.1% sodium dodecyl sulfate, and 1% sodium
deoxycholate). Protein was also extracted from normal tissues
(brain, thymus, heart, lung, liver, stomach, small intestine, blad-
der, kidney, ovary, oviduct, uterus, spleen, pancreas, and skeletal
muscle) of female C57BL/6 mice (8 weeks, 12 months, or 16
months of age). Tissues were homogenized in a Mini Bead
Beater (BioSpec Products, Inc., Bartlesville, OK) and the T-
MER tissue protein extraction reagent (Pierce, Rockford, IL).
For survivin detection, 30 wg of total protein extract was re-
_ solved on sodium dodecyl sulfate~15% polyacrylamide gels and
transferred to nitrocellulose membranes (Amersham, Piscata-
way, NJ). The blots were hybridized with an anti-survivin poly-
clonal antibody (diluted 1:2000; Novus Biological, Littleton,
CO), followed by incubation with a peroxidase-conjugated goat
anti-rabbit second antibody (diluted 1:5000; Amersham). The
peroxidase activity was detected by the ECL method (NEN,
Boston, MA).

Vector Construction

"~ A 1092-base-pair fragment of the human survivin gene pro-
moter (nucleotides 1821-2912, GenBank accession number
U75285) was excised from plasmid Spl with restriction enzymes
Kpnl and Xhol (12). The secreted alkaline phosphatase (SEAP)
expression vector under control of the survivin promoter
(pPSRVN-SEAP) was constructed by subcloning the Kpnl-Xhol
fragment into the multiple cloning site of the SEAP expression
vector pSEAP-Basic (Clontech, Palo Alto, CA). To generate
stable transfectants, the pSRVN-SEAP-NEO plasmid was con-
structed by subcloning the SRVN-SEAP sequence (a Kpnl-Xbal
fragment) from pSRVN-SEAP into the PC3 vector (13), a modi-
fied pcDNA3 vector (Invitrogen, San Diego, CA) without the
cytomegalovirus promoter.

Transient Transfection

The pSRVN-SEAP plasmid was transiently transfected into
cell lines by use of the TransIT-LT1 transfection reagent (Pan-
Vera, Madison, WI). Briefly, 3 x 10° cells were placed into each
well of a six-well plate in 2 mL of complete medium. After
incubation overnight, cells were 40%-50% confluent, and a
mixture of 2 pg of pSRVN-SEAP plasmid, 0.2 pg of pGL3
control plasmid, 6 pL of LT1 transfection reagent, and 100 pnL
of serum-free medium was added to each well. The pGL3 con-
trol plasmid (Promega, Madison, WI), which is a luciferase ex-
pression vector driven by the SV40 promoter, was used to assess
transfection efficiency and, hence, normalize each transfection.
Two other plasmids, pSEAP-Basic (a promoterless SEAP con-
struct) and pSV40-SEAP (a SEAP expression vector with the
SV40 promoter) (Clontech), were also used for each cell line as
negative and positive controls, respectively. Medium (100 pL)
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was removed 48 hours after transfection and used to determine
SEAP activity after normalization of the transfection efficiency.
Briefly, the adherent cells were washed once with PBS, exposed
to 1 mL of lysis buffer (Promega), and scraped from dishes with
a cell scraper. After centrifugation of the cell lysates at 15700
relative centrifugal force (rcf) for 1 minute, the supernatants
were removed and stored at —70 °C until luciferase activity was
assayed. Luciferase activity was determined by mixing 5 pL of
supernatant with 100 L of luciferase assay reagent (Promega)
and determining the relative luminescence with a luminometer
(Analytical Luminescence Laboratory, San Diego, CA). This
procedure allowed us to adjust the amount of conditioned me-
dium used to allow for differences in transfection efficiency.

Stable Transfection

The pSRVN-SEAP-NEO plasmid was linearized with restric-
tion enzyme Pvul and purified by phenol-chloroform extraction
and ethanol precipitation. Before electroporation, subconfluent
A2780 cells were trypsinized, washed twice with PBS, and re-
suspended at 10 x 10° cells in 0.7 mL of PBS. The cell suspen-
sion was transferred into a Gene Pulser cuvette (Bio-Rad Labo-
ratories, Hercules, CA), and 5 pg of linearized pSRVN-SEAP-
NEO or control vector PC3 was added. After 10 minutes on ice,
the cells were subjected to electroporation by using the Gene
Pulser II System (Bio-Rad Laboratories) at 250 V/cm and 975
WF and then plated in three 10-mm Petri dishes with complete
medium. One day later, medium was changed to complete
growth medium supplemented with G418 at 500 pg/mL. After 2
weeks, the G418-resistant clones were isolated with cloning cyl-
inders. SEAP activity in the conditioned medium from indi-
vidual clones was determined when the cells were nearly con-
fluent.

Animal Study

Female CB17/ICR SCID (severe combined immunodeficient)
mice, approximately 8 weeks of age and weighing approxi-
mately 20 g, were used to establish orthotopic ovarian tumors.
All these mice were bred in the Laboratory Animal Facility at
Fox Chase Cancer Center, were maintained in specific pathogen-
free conditions, and received commercial food and water ad
libitum. Institution guidelines were followed in handling the ani-
mals. To establish the orthotopic tumors, cultured A2780 trans-
fectants (two SRVN-SEAP-NEO clones, A2780%%™! and
A278055™2 and one vector control clone, A2780F3) were har-
vested with 0.05% trypsin-EDTA (GIBCO BRL), washed in
PBS, and resuspended in RPMI-1640 complete medium at 40 x
10° cells per milliliter. Before intrabursal implantation of tumor
cells, eight SCID mice were anesthetized with a 15:3:5:152
mixture of ketamine-HCI (100 mg/mL), acepromazine malleate
(10 mg/mL), xylazine hydrochloride (20 mg/mL) (Fort Dodge
Anima! Health, Fort Dodge, IA), and 0.9% normal saline, in-
jected intraperitoneally at 10 pL/g of body weight. The skin was
disinfected with Wescodyne and 70% ethanol. A small incision
was made on one side of the back to locate the ovary. The
oviduct was held with small forceps, and a 26-gauge needle
connected to a syringe was inserted into the oviduct and was
passed through the infundibulum until the needle tip reached the
space between the bursa and the ovary. Approximately 20 pL of
the cell suspension (about 0.8 x 10° cells) was injected into the
intrabursal space. The needle was slowly removed, the ovary
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was replaced in the abdominal cavity, and the body wall was
closed with sutures. One ovary of each animal was injected.

Plasma for SEAP analysis was obtained by orbital puncture
with heparinized glass tubes (Fisher Scientific, Pittsburgh, PA)
on days 0, 1, 3, 6, and 9 after cell implantation. About 20 uL of
plasma was obtained after the blood was centrifuged at 4500 rcf
for 7 minutes (14). Animals were sacrificed 14 days after im-
plantation; ovaries were removed, embedded in paraffin, and
sectioned for histopathologic analysis.

SEAP Assay

SEAP activity in culture medium or plasma was determined

by a chemiluminescence or fluorescence method using Great -

Escape SEAP kits from Clontech (75). In brief, 5-pL samples
were mixed with 45 L of dilution buffer and incubated in a
oven at 70 °C for 45 minutes. Sixty microliters of assay buffer
containing L-homoarginine was then added. After a 5-minute
incubation at room temperature, the samples were exposed to 60
pL of chemiluminescent substrate CSPD (disodium 3-[4-
methoxyspiro{1.2-dioxetane-3,2'-(5'-chloro)tricyclo(3.3.1.1)-
decan}4-yl]phenyl phosphate) (1.25 mM) or 3 pL of fluorescent
substrate 4-methylumbelliferyl phosphate (Clontech). Chemilu-
minescence was measured with a luminometer (Analytical Lu-
minescence System) after a 10-minute incubation at room tem-
perature.

After a 60-minute incubation in the dark, fluorescence was
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Fig. 1. Western blot analysis of survivin protein in cell lines from various
species. A) Survivin protein level in human ovarian cancer cell lines (A2780,
OVCAR3, OVCARS, OVCARS, OVCARI10, SKOV3, PEOI1, and UPN241) was
compared with that in normal human ovarian surface epithelial (HOSE) cells.
The survivin-expressing cell line HeLa from uterine cervix was the positive
control. B) Survivin protein level in transformed rat ovarian surface epithelial
cell lines (ROSE-Tag, NuRu19, and NuRu26) was compared with that in early-
passage rat ovarian surface epithelial (ROSE) cell lines. C) Survivin protein
level in transformed mouse ovarian surface epithelial cell lines (IG10 and IFS),
mammary (Mc6) and prostate (Pr14) tumor cell lines from transgenic mice, and
a mouse fibroblast cell line (NIH 3T3) was compared with that in early-passage
mouse ovarian surface epithelial (MOSE) cells.
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measured with a CytoFluor II fluorometer (Bio-Rad Laborato-
ries) with excitation and emission wavelengths of 360 nm and
449 nm, respectively. SEAP activity was determined from a
standard curve.

To determine whether exogenous SEAP could be separated
from endogenous placental alkaline phosphatase of pregnant
animals, plasma from two C57BL/6 pregnant mice at embryonic
day 12, one normal control mouse, and one CB17/ICR SCID
mouse carrying an A27805EAP13 cell implant (14), was isolated.
Five microliters of plasma was mixed with 45 pL of dilution
buffer, and the mixture was heated to 70 °C for 0, 20, 40, or 60
minutes. Alkaline phosphatase activity was determined as de-
scribed above.

RESULTS

Survivin Protein Levels in Cancer Cell Lines, Normal
Cells, and Normal Tissues

To determine how frequently the increased expression of sur-
vivin is detected in cancer cell lines compared with normal
tissues and cells, protein extracts were prepared from cells and
tissues derived from different species and subjected to western
blot analysis. As shown in Fig. 1, A, survivin protein was de-
tected as an intense band at 16.5 kDa in all the human ovarian
cancer cell lines, including A2780, OVCAR3, OVCARS,
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Fig. 2. Western blot analysis of survivin protein in tissues from C57BL/6 mice
as indicated. The uterine cervix cancer cell line HeLa was used as the positive
control. A) Survivin protein level in tissues of 8-week-old C57BL/6 mice. B)
Survivin protein level in thymus from mice aged 2, 12, and 16 months. Ske =
skeletal.
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OVCARS, OVCARI10, SKOV3, PEO1, and UPN251, but not in
the normal HOSE cells. An intense 16.5-kDa survivin band was
also detected in transformed rat ovarian surface epithelial cell
lines (ROSE-TAg, NuTul9, and NuTu26), but only a faint band
was detected in early-passage normal ROSE cells (Fig. 1, B).
Consistent with our findings in normal and transformed ROSE
cells, an intense survivin band was detected in the transformed
MOSE cell lines (IG10 and IF5), but only a faint band was
detected in the normal MOSE cells (Fig. 1, C). An intense sur-
vivin band was also detected in tumor cell lines from transgenic
mice prone to develop mammary tumors (Mc6) (9) or prostate
tumors (Pr14) (10). A faint survivin band was detected in non-
tumorigenic mouse fibroblast cell line NIH 3T3 (Fig. 1, C).

Survivin Protein Levels in Normal Adult Mouse Tissues

Levels of survivin protein in normal tissues from 8-week-old
female C57BL/6 mice were determined by western blot analysis.
No survivin protein was detected in brain, heart, lung, liver,
stomach, intestine, bladder, kidney, ovary, oviduct, uterus, pan-
creas, or skeletal muscle. Survivin was detected in the thymus
and, to a lesser extent, in the spleen (Fig. 2, A). Because age-
associated thymic atrophy could result in a decrease in survivin
protein in the thymus, we evaluated survivin expression in 12-
month-old and 16-month-old C57BL/6 mice and detected a
marked reduction of survivin protein in mature, as opposed to
young adult, mice (Fig. 2, B).

In Vitro Survivin Promoter Activity

We constructed the pSRVN-SEAP plasmid to determine
whether the survivin promoter functioned in cancer cells. Pro-
moter activity was determined from the SEAP activity in con-
ditioned medium from transiently transfected cells. In A2780
cells transfected with the promoterless pSEAP-Basic plasmid,
SEAP expression was almost baseline (Table 1). In several other
cancer cell lines, SEAP expression was also almost baseline, but
in others, the promoterless plasmid had some activity. In all
cancer cell lines transfected with a plasmid containing the sur-
vivin promoter (i.e., pPSRVN-SEAP), SEAP expression was five-
fold to about 400-fold higher than that observed with the pro-
moterless pSEAP-Basic plasmid (Table 1; Fig. 3, A). However,

early-passage normal ROSE and MOSE cells similarly trans-
fected showed less SEAP expression when transfected with
pSRVN-SEAP than with pSEAP-Basic (Table 1). To determine
the relative promoter activity of the survivin promoter compared
with the relatively strong SV40 viral promoter, we transfected
the various cell lines with the SV40 promoter-driven SEAP ex-
pression plasmid pSV40-SEAP and measured SEAP expression.
The survivin promoter was more active in the cancer cell lines,
and the SV40 promoter was more active in the nontransformed
cell lines (i.e., NIH 3T3, ROSE, and MOSE cells) (Table 1;
Fig. 3).

In Vivo Survivin Promoter Activity

To determine whether the survivin promoter could induce
enough SEAP activity to monitor tumor growth in vivo, we
created stable A2780 transfectants harboring stably integrated
SRVN-SEAP-NEO. Two clones (A2780%5N! and A2780%5V%)
were selected because of their relatively high SEAP production
(Fig. 4, A). These two SRVN-SEAP-NEO clones and one vector
control clone (A27807°*) were used to generate orthotopic ovar-
ian tumors by injection into the intrabursal space of mouse ova-
ries to mimic early ovarian cancer. After tumor cell implanta-
tion, plasma was collected at designated intervals to measure
SEAP activity. SEAP activity was detected as early as 24 hours
in animals implanted with 0.8 x 10° cells from either of the two
SRVN-SEAP-NEO clones and increased with time and tumor
growth. In contrast, SEAP activity was not detected in the ani-
mal injected with the vector control clone (Fig. 4, B and C).
Paraffin sections prepared from ovaries removed on day 14 had
small tumors in the intrabursal cavity in all mice injected with a
pSRVN-SEAP-NEO clone (A2780°5N) or the vector control
clone (A2780°C>) (Fig. 4, D). Contralateral ovaries were normal.

Sensitivity of Endogenous and Exogenous Alkaline
Phosphatase to Heat Treatment

To determine whether endogenous alkaline phosphatase ac-
tivity could be separated from transgenic SEAP activity, we used
heat to inactivate the endogenous activity. Plasma from normal
control mice, pregnant mice, and a mouse carrying A27805EAF13
cells (14) was treated with heat for 0, 20, 40, or 60 minutes, and

¢ Table 1. Activity of survivin promoter relative to a promoterless or simian virus 40 promoter-driven secreted alkaline phosphatase
plasmid in cell lines with various origins*

Cell type pSEAP-Basic (1) pSRVN-SEAP (2) pSV40-SEAP (3) Ratio (2)/(1) Ratio (2)/(3)
A2780 100 + 20 16 000 + 900 5400 + 400 160 3
OVCAR3® 5000 = 600 67 000 + 12 000 40 000 + 1100 13 2
SKOV3 80 =30 41000 + 1800 20 000 + 1300 513 2
NuTu19 201 5500 + 400 3100 + 200 275 2
IF5 200 = 20 3000 + 900 1400 = 100 15 2
1G10 200 + 10 1200 + 30 600 = 20 6 2
Mc6 300 + 40 11 000 + 800 4300 + 300 37 3
Prl4 500 1000 + 10 600 + 30 20 2
MCF7* 1500 + 200 160 000 + 4500 84 000 + 5600 107 2
HeLa® 43 000 + 3700 8 800 000 = 17 000 4000 000 + 230 000 204 2
HT29° 21 000 + 400 8 800 000 + 6300 4 600 000 = 48 100 409 2
H1299° 95 000 + 1200 8 400 000 + 250 000 4200 000 + 110 000 90 2
NIH 3T3 80 +20 600 50 1100 = 200 8 <1
ROSE? 15 000 + 3700 8100 + 2700 26 000 + 2300 <1 <1
MOSE® 14 000 = 2000 110 000 = 18 000 430 000 + 47 000 8 <1

*Secreted alkaline phosphatase analyses (indicated with a superscripted “s””) were done by the luminescence method and expressed as relative luminescence units.
Other analyses were done by the fluorescence method and expressed as relative fluorescence units. ROSE = rat ovarian surface epithelial; MOSE = mouse ovarian
surface epithelial; SEAP = selected alkaline phosphatase; SV40 = simian virus 40.
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Fig. 3. Activity of the survivin promoter in
cell lines as indicated. A) Activity of the sur-
vivin promoter relative to the activity of the
promoterless secreted alkaline phosphatase
(SEAP) construct. Activity of the promoter-
less SEAP construct was defined as 1. B)
Activity of the survivin promoter relative to
the activity of the simian virus 40 (SV40)
promoter. Activity of the SV40 promoter
was defined as 1. Rose = rat ovarian surface B
epithelial; MOSE = mouse ovarian surface

epithelial. All values are the mean of three to 40+
six determinations. Error bars are 95% con-
fidence intervals.

Folds of activity increase of survivin promoter

over promoterless SEAP construct

Folds of activity increase of survivin
promoter over SV40 promoter

I Mean of 3-6 determinations

I Mean of 3-6 determinations

alkaline phosphatase activity was determined. As shown in Fig.
5, alkaline phosphatase activity in plasma of normal and preg-
nant mice decreased quickly after the heat treatment at 70 °C and
was still low 40 minutes later. However, plasma alkaline phos-
phatase activity in the mouse xenografted with A27805EAF!3
cells had not decreased after 60 minutes of heat treatment.
Therefore, exogenous SEAP activity can be monitored during
tumor development and effectively separated from endogenous
alkaline phosphatase activity by heat treatment.

DISCUSSION

Regulated induction of apoptosis preserves normal homeo-
stasis and organ morphogenesis. Aberration of this process may
contribute to cancer development by prolonging cell viability.
Members of the IAP gene family have emerged as unique modu-
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lators of apoptosis, possibly by the direct inhibition of terminal
effector caspases 3, 7, and 9. Survivin, a new member of the
human IAP family, was identified by hybridization screening of
human genomic libraries with the complementrary DNA for
effector cell protease receptor-1, a factor Xa receptor (1). Unlike
other IAP family members, survivin contains a single baculovi-
rus IAP repeat and no carboxyl-terminal ring finger region. Most
importantly, at variance with other IAPs such as BCL2, which is
present in both normal and transformed cell types, survivin was
originally reported to be completely undetectable in normal hu-
man adult tissues but expressed during fetal development
(1,16,17). Our data on the mouse (this report) and in a published
report (18), however, indicate that survivin is present in the
thymus and spleen of young adult mice. It seemed unlikely that
this difference was related to differences between survivin pro-
moters in mice and humans, because the homology in this region
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v

Days after A27805SN2 inirabursal injection

g B
: g
prd
-3 ';C 15060 - e Mousel
&
% E" eaannesnis Mﬂuse2 =
§ & op- "o Moused
P
’g § wregioome  Nfoused
b v
£ E 5004 ~-&~ Control e
:‘ m » -nuo .o
- & Ow=*"
-1 E e
o g 222z 22z %22 g Dayd 1 3 6 9
% $82224323%¢% £ .
% £ 8 E % 2 R B % § g Days after A2780%%Nintrabursal injection
R IS IR B R
‘ & L £ L d & L
Cg
® 150 -
E’: "'“.M
£ A
-~ = — Mousel
z 1004 g .
z £ > e Mouse2
‘; g
= cerser O e - Mouse3
-2 50+ .un-""o-‘ ©
= wungyenn Control
7,3
: A ey o
g g ¥ 1;' 1 T _'#”""
§ Day0 1 3 6 9

Fig. 4. Activity of the survivin promoter in stable A2780 transfectants. A) In
vitro activity of survivin promoter in nine stable transfectants of A2780
(A27805SN1-%) assessed as secreted alkaline phosphatase (SEAP) activity, com-
pared with that in A2780 transfected with promoterless vector (A27807¢). RFU
= relative fluorescence units. B) In vivo activity of survivin promoter after 0.8
x 10% A27805N! cells were injected into the ovarian intrabursal space of severe
combined immunodeficient (SCID) mice. The control animal was injected with

of the mouse and human genes is high (6). The discrepancy,
however, could be related to age. Our initial analysis used young
adult mice before the onset of thymic atrophy, as did the earlier
report (I8). Consequently, we investigated whether an age-
related change in survivin expression occurred in the mouse
thymus and found that the level of survivin protein was mark-
edly lower in older adult mice than in younger adult mice.

A SAGE (serial analysis of gene expression) analysis found
that survivin transcripts were the fourth most frequently over-
expressed transcript in common human cancers (e.g., melanoma
and cancers of the colon, brain, breast, and lung) relative to
levels in normal cells (5), suggesting that survivin was a poten-
tial target for cancer therapy. If increased survivin activity is
controlled transcriptionally, then the survivin promoter might
control transgene expression in a cancer-specific manner. Tran-
scriptional regulation of survivin expression in cancer cells has
indeed been reported (6). Using approximately 1 kilobase of the
5' upstream regulatory region of the survivin gene to drive
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0.8 x 10% A2780 cells stably transfected with promoterless vector (A27807¢3).
C) In vivo activity of the survivin promoter after another stable transfectant
A278055N2 wag injected into the ovarian intrabursal space of SCID mice. D)
Section of mouse ovary stained with hematoxylin—eosin. The mouse was in-
jected with 0.8 x 10 A2780%5N! cells and killed 14 days after tumor implanta-
tion. Data are the mean of three determinations. Error bars are 95% confidence
intervals.

SEAP expression in ovarian, mammary, colon, lung, and uterine
cervical cancer cell lines, we have shown that the survivin pro-
moter can control gene expression regardless of tumor type,
mechanism of oncogenesis, and species, and we have confirmed
that survivin expression appears to be, at least in part, transcrip-
tionally activated.

In contrast to adult tissues, where survivin expression is
largely limited to activation during oncogenesis, in the human
fetus, survivin is abundantly expressed in apoptosis-regulated
tissues. Similarly, survivin was nearly ubiquitously expressed in
embryonic mouse tissues at an early gestational stage (embry-
onic day 11.5) but was later expressed more selectively (16).
Increased survivin expression and survivin promoter activity in
cancer cell lines indicate that transcriptional factors needed for
survivin transcription reappear or are reactivated during onco-
genesis. The approximately 1-kilobase fragment of the survivin
promoter used in this study overlaps with the 5’ portion of the
gene studied by Li and Altieri (6) and contains the CHR (cell
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Fig. 5. Heat sensitivity of secreted alkaline phosphatase
(SEAP) compared with that of endogenous alkaline
phosphatase. Two microliters of plasma was used for
each determination except for A27805EAP, where the
plasma was diluted 1:100. For the control curve,
plasma was obtained from a normal C57BL/6 mouse.
For the curves Pd12-1 and Pd12-2, plasma was ob-
tained from two CS7BL/6 pregnant mice carrying fe-
tuses of age embryonic day 12. For the A27805FAY
curve, plasma was obtained from a CB17/ICR severe
combined immunodeficient mouse carrying a
A27805FAF13 tymor, Data are the mean of three deter-
minations. Error bars are 95% confidence intervals.
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cycle gene homology region) and abundant SP; and CDE (6) as
well as E,F (12} transcription factor binding sites that they be-
lieve are responsible for controlling the transcription of survivin.

As indicated above, our interest in the survivin promoter first
arose because of a desire to drive transgene expression in a
cancer-specific manner for cancer gene therapy, to improve gene
delivery progress, to specifically regulate expression of trans-
genes to limit the toxicity of therapeutic genes such as herpes
simplex virus thymidine kinase, and to create a tumor-selective
replicative oncolytic virus. We believe that the survivin promot-
er’s specificity and expression in many early-stage cancers make
it an excellent candidate for these purposes (17,19). Finally, we
believe that this cancer-specific reporter gene system could have
major implications for monitoring tumor initiation and progres-
sion in tumor-prone transgenic animals.
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Mitochondrial pb3 activates Bak and causes disruption

of a Bak—Mcl1 complex

J.I-Ju Leu?, Patrick Dumont?, Michael Hafey?, Maureen E. Murphy? and Donna L. George!

The tumour suppressor activity of the p53 protein has been
explained by its ability to induce apoptosis in response to a
variety of cellular stresses:2, Thus, understanding the
mechanism by which p53 functions in the execution of cell
death pathways is of considerable importance in cancer biology.
Recent studies have indicated that p53 has a direct signalling
role at mitochondria in the induction of apoptosis3-8, although
the mechanisms involved are not completely understood. Here
we show that, after cell stress, p53 interacts with the pro-

- apoptotic mitochondrial membrane protein Bak. Interaction of
p53 with Bak causes oligomerization of Bak and release of
cytochrome ¢ from mitochondria. Notably, we show that
formation of the p53-Bak complex coincides with loss of an
interaction between Bak and the anti-apoptotic Bcl2-family
member Mcll. These results are consistent with a model in
which p53 and Mcl1 have opposing effects on mitochondrial
apoptosis by interacting with, and modulating the activity of,
the death effector Bak.

The role of p53 in apoptosis is multi-faceted and most probably
involves its transcriptional regulatory functions, as well as less well-
characterized transcription-independent activities’2. Recent studies
have demonstrated that a fraction of stress-activated p53 translocates
to mitochondria after an apoptotic stimulus, but not during
p53-dependent growth arrest®*, Further support for the significance
of p53 mitochondrial localization followed from our analysis of the
apoptotic potential of two polymorphic variants of p53 (ref. 5). It has
been known for some time that a common coding region polymor-
phism occurs in human p53, resulting in either an arginine (R72) or
proline (P72) at amino acid 72. The frequency of the polymorphic
variants of p53 varies in different populations: for example, approxi-
mately 35-40% of Caucasians, but only 10-12% of African Americans,
are homozygous for the R72 allele’. In an earlier study, we found that
the R72 variant of p53 exhibits a greater ability to induce apoptosis
than does the P72 form, and at least one reason for this difference is
enhanced localization of the R72 variant to mitochondria’. The
greater mitochondrial localization of the R72 variant correlates with
enhanced nuclear export, suggesting that differences in nucleo-cyto-
plasmic shuttling may influence trafficking of p53 to mitochondria.

Reasoning that p53 functions with one or more mitochondrial fac-
tors to execute its pro-apoptotic role, we sought to identify p53-bound
mitochondrial proteins. As a source of mitochondrial p53, we used an
inducible Saos2 cell line that stably expresses a temperature-sensitive
(ts)-R72 variant of p53 (ref 5). The ts-p53 protein exists in a dena-
tured, inactive, form at 39 °C and becomes wild type in conformation
and activity at 32 °C. Importantly, a significant fraction of the p53 pro-
tein localizes to mitochondria after an apoptosis-inducing tempera-
ture shift to 32 °C (see ref. 5 and Fig. 1a). Among several protein bands
that were detectable in mitochondrial p53 immunoprecipitates from
cells incubated at 32 °C, but not at 39 °C, was a major species with a
relative molecular mass (M,) of approximately 28,000 (Fig. 1a). This
band was excised from SDS-PAGE gels, subjected to tryptic digestion,
and the resulting peptides were analysed by liquid chromatography
and tandem mass spectrometry. Two tryptic fragments of the protein
Bak were identified (Fig. 1a). Bak is a multidomain pro-apoptotic
member of the Bcl-2 family of proteins, which are key regulators of
programmed cell death®. We then verified that Bak co-immunoprecip-
itates with p53 from mitochondrial lysates using immunoprecipita-
tion-western blot analysis (Fig. 1a).

Bak is an integral protein of the mitochondrial membrane, and the
R72 form of p53 localizes to mitochondria more effectively than the
P72 variant. Therefore, we addressed whether these two p53 isoforms
would exhibit differences in binding to Bak in vive that would corre-
late with apoptotic potential. Analysis of whole-cell and mitochonds-
ial lysates by immunoprecipitation-western blotting confirmed that,
compared with P72, much more of the R72 variant is complexed with
Bak (Fig. 1b, ¢). A longer exposure of the autoradiogram detected the
less abundant interaction of P72 with Bak (data not shown). In these
analyses, little association was detected between p53 and two other
Bcl-2 family members, the pro-apoptotic protein Bax and the anti-
apoptotic protein Bcl-x;, both of which were reported to function in
mitochondrial apoptosis induction by p53 (refs 4, 6). Similarly, in vitro
binding assays using in-vitro-translated proteins identified a robust
association of p53 with Bak, but failed to identify a detectable interac-
tion of p53 with either Bax or Bcl-x; (Fig. 1d). We extended these
studies to verify that the interaction between p53 and Bak occurs in
different cell lines expressing endogenous wild-type p53. The human
prostate carcinoma cell line LNCaP and the human breast carcinoma
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Figure 1 Bak and p53 interact. (a) Immunoblotting of mitochondrial p53
in ts-p53(R72)-Saos2 cells grown at 39 °C or 32 °C (left). Mitochondrial
extracts were immunoprecipitated using agarose-conjugated anti-p53
(middle). The silver-stained protein band of approximately 28K was
excised and subjected to tryptic digestion and liquid chromatography-
tandem mass spectrometry. Asterisk indicates the peptide sequences of
Bak obtained from this analysis. immunobiots of proteins co-
precipitating with p53 from cells at 32 °C were probed with antibodies to
Bak and p53, as indicated (right). (b) Immunoblots of mitochondrial
extracts from ts-P72-Sa0s2 and ts-R72-Saos2 cells were analysed with
an antibody against p53 or Bak (left). The same extracts were
immunoprecipitated (IP) with anti-Bak followed by immunoblotting for
associated p53 (right). (c¢) Immunoblots of whole-cell extracts (WCEs)
from ts-P72-Saos2 and ts-R72-Saos2 cells analysed for p53, Bak, Bcl-x
and Bax (left). IP of the same lysates for Bak, Bcl-x_ or Bax, followed by

cell line MCF7 were treated with camptothecin or ultraviolet irradia-
tion, respectively, to induce upregulation of  p53.
Immunoprecipitation-western blot analysis confirmed that after its
stress-induced activation, p53 interacts with Bak (Fig. le). In these
cells, as with the p53-Saos2 transfectants, a much stronger association
was detected between p53 and Bak, than between p53 and Bax (Fig. 1e)
or Bcl-x; (data not shown).

To map the domain of p53 that interacts with Bak, we used glu-
tathione S-transferase (GST) pull-down assays, in which 35S-labelled
in-vitro-translated Bak (full-length) bound to immobilized GST-p53
(full-length), but not to GST alone (Fig. 2a). In these in vitro assays,
the interaction of the R72 and P72 forms of p53 with Bak was indis-
tinguishable (Fig. 2a); this is consistent with our conclusion that the
greater association of R72 to Bak observed in vivo (Fig. 1b) reflects the
enhanced nuclear export and mitochondrial localization of this
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immunoblot analysis for p53 (right). The autoradiogram exposure times
were equivalent for the Bak, Bcl-x, and Bax IP blots, and the results
depicted were consistent with different antibodies for each protein. (d)
In-vitro-translated full-length p53 (R72) was mixed with in-vitro-
translated-35S-labelled full-length Bak, Bax or Bcl-x. Input analyses
confirm similar expression levels for the proteins. Binding to p53 was
assayed by IP with an antibody to p53. The products were analysed by
SDS-PAGE and autoradiography (right). (&) Immunoblots of whote-cell
extracts from LNCaP cells (= 5 uM camptothecin for 24 h) or MCF7 cells
(= 7.5 J m~2 ultraviolet irradiation) were probed with anti-p53, anti-Bak
or anti-Bax, as indicated. IP of the same lysates with anti-Bak or anti-
Bax, followed by blotting with anti-p53 (right). For these and similar
assays, protein interactions were examined after solubilization of cellular
fractions in Chaps, which, unlike non-ionic detergents, does not induce
an activating, conformational change in Bak or Bax12:39,

variant in cells’. Bak does not bind to the amino-terminal domain
(amino acids 1-92), or to the carboxy-terminal domain (amino acids
318-393), of p53. Instead, the central region of p53, encompassing
amino acids 92-318, contains the Bak-binding domain (Fig. 2b). In
fact, these data suggest that there may be two Bak-interacting
domains within the central DNA-binding domain of p53. Other pro-
teins, including mSin3a and TBP, also have been found to interact
with two distinct regions of the p53 protein®'C, We used similar assays
to map the p53-interacting domain of Bak. These analyses demon-
strated that the introduction of mutations within critical residues of
any of the three Bcl-2-homology regions of Bak (BH1, BH2, BH3)
resulted in substantially reduced p53 binding (Fig. 2c). Existing data
suggest that these three segments of Bak most probably form a bind-
ing pocket that would be disrupted by mutations within any one of
the domains!"12, Thus, in vitro binding analysis suggests that p53
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Figure 2 p53 binds to Bak in vitro. (@) GST pull-down assays were
performed using in-vitro-translated-33S-labelled full-length human Bak
and GST-tagged recombinant proteins: GST alone, GST-p53-R72 or
GST-p53-P72. Protein complexes were analysed by SDS-PAGE and
fluorography. (b} In-vitro-translated 35S-labelled full-length human Bak
was mixed with GST alone, or GST-tagged proteins containing different
amino-acid residues of p53, as indicated. (c) In-vitro-translated fuli-
length p53-R72 was mixed with in-vitro-transtated 3°S-labelled full-
length wild-type Bak, or the different BH-domain Bak mutants indicated
(see Methods for the amino-acid changes in the Bak mutants). p53-Bak
interactions were assayed by IP with anti-p53. The products were resolved
by 10-20% SDS-PAGE and the autoradiogram was developed.

interacts directly with Bak through a pocket structure formed by the
BH1, BH2 and BH3 domains.

In unstressed cells, Bak is located at the mitochondrial outer mem-
brane as an inactive monomer. After diverse apoptotic stimuli, Bak
undergoes an activating conformational change that results in the for-
mation of higher-order multimers; this leads to the release of
cytochrome ¢ and other pro-apoptogenic factors from mitochondria
into the cytosol!3-15. To assess the ability of p53 to induce oligomeriza-
tion of Bak, we used a well-established assay using highly purified
mitochondria isolated from sucrose gradients!1>, The addition of
full-length recombinant p53 (R72 or P72) to mitochondria isolated
from unstressed p53-null cells readily shifted Bak from a monomer
into higher-order multimers (Fig. 3a). Using deletion mutants of p53,
we confirmed that the ability to bind to Bak correlates positively with
their ability to induce Bak oligomerization, as well as to stimulate
release of cytochrome ¢ from purified mitochondria (compare Figs 2b
and 3a). Activation of Bak is accompanied by conformational changes,
resulting in the exposure of an amino-terminal epitope of Bak that
becomes susceptible to trypsin digestion!®1617, Therefore, we also
examined whether p53 could induce such a conformational change in
Bak. First, we confirmed that Bak exists in a relatively inactive trypsin-
resistant form in untreated mitochondria (Fig. 3b). Significantly, incu-
bation of mitochondria with recombinant p53, but not GST alone,
resulted in oligomerization of Bak and an increased susceptibility of
Bak to trypsin digestion. This enhanced susceptibility to trypsin prote-
olysis was consistent with two different antibodies directed against the
Bak N terminus (Fig. 3b). Together, these data demonstrate that, simi-
larly to other molecules that activate and oligomerize Bak, p53 induces
an amino-terminal conformational change in Bak that is associated
with Bak oligomerization. To determine whether p53-induced
cytochrome c release is dependent on the ability of p53 to bind and
oligomerize Bak, we isolated mitochondria from mouse embryo
fibroblasts (MEFs) derived from wild type (Bak*'*) and Bak-deficient
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(Bak-'-) mice!®. Consistent with our results obtained from mitochon-
dria purified from cultured human cells, p53 readily induced
cytochrome ¢ release from mitochondria isolated from wild-type
MEFs. In contrast, incubation with p53 failed to release cytochrome ¢
from the Bak-deficient mitochondria (Fig. 3¢). These data further sup-
port a model in which p53, operating at the mitochondria, binds
directly to Bak, resulting in Bak oligomerization and cytochrome ¢
release.

To better understand the role of mitochondrial p53 in apoptosis, we
focused on identifying mitochondrial signalling pathways that might
be altered, or mediated, by the p53—Bak interaction. It has been pro-
posed that in unstressed cells, Bak is complexed with other mitochon-
drial proteins that function to maintain this pro-apoptotic factor in an
inactive conformation!16, Anti-apoptotic members of the Bcl-2 fam-
ily are attractive candidates to perform such a role. In unstressed cells,
however, the majority of the anti-apoptotic Bcl-2 and Bcl-x; are in dif-
ferent cellular compartments and do not seem to interact appreciably
with inactive Bak (refs 12, 19, 20). The anti-apoptotic Mcll protein,
however, is predominantly mitochondrial in healthy cells (ref. 21 and
see Fig. 4a), and has been shown to bind to Bak and Bax in yeast two-
hybrid analyses, but not to Bcl-x; or Bcl-2 (ref. 22). To confirm that
mammalian Mcll is complexed with Bak in unstressed cells, we per-
formed immunoprecipitation-western blot analyses in unstressed
Saos2 cells. These analyses identified an interaction of mitochondrial
Mcl1 with Bak; in contrast, very little interaction of Mcll with Bax or
Bcl-x; was detected in these assays (Fig.4b). A recent report has
demonstrated that Bak is, in fact, complexed with Mcll in healthy
cells'S. We performed in vitro mapping experiments of this interaction
and determined that an intact BH3 domain of Bak is necessary for an
efficient interaction with Mcll (Fig. 4c).

Elevated Mcll expression is associated with increased protection
from cell death?%23-25, We found that in isogenic cell lines with differ-
ent levels of Mcll, increased Mcll attenuates Bak oligomerization
(Fig. 4d). These data suggest that Mcl1 and p53 have opposing roles in
modulating Bak function. Thus, we sought to determine whether the
stress-induced activation of p53 alters the Bak-Mcll interaction. For
these analyses, we took advantage of two well-established cell lines that
are isogenic, except for their p53 status. The ovarian teratocarcinoma
cell line PA1 contains wild-type p53. However, its derivative PA1-E6
expresses the human papillomavirus 16 E6 protein, which targets p53
for degradation. It was shown previously?02! that Mel1 is a short-lived
protein, and that agents such as ultraviolet irradiation and etoposide
(which can inhibit new protein synthesis) reduced celtular Mcl1 lev-
els?024, As this would interfere with our analyses, we sought stress-
induction protocols that would not significantly decrease RNA or
protein synthesis and Mcll levels. Treatment of cells with the DNA-
damaging agent doxorubicin did not result in decreased steady-state
levels of Mcll, as illustrated for the PA1 and PA1-E6 cells (Fig. 5a).
Notably, induction of p53 by doxorubicin resulted in a significant
decrease in the Bak-Mcll interaction. In PA1-E6 cells lacking p53,
however, the amount of Mcll co-precipitating with Bak was not
altered by doxorubicin treatment (Fig. 5a). Similarly, there was no
decrease in cellular Mcll protein abundance in p53-inducible Saos2
cells after temperature shift and apoptosis induction at 32 °C; however,
p53 induction was accompanied by a substantial decrease in the
amount of Mcll complexed to Bak (Fig. 5b). Thus, p53 activation
results, directly or indirectly, in disruption of the Bak-Mcl1 complex.

The stress-induced localization of p53 to mitochondria is rapid and
precedes mitochondrial alterations, such as caspase activation and
cytochrome c release®*. Therefore, we assessed whether the interaction
of p53 and Bak correlates temporally with disruption of the Bak-Mcll
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Figure 3 p53 induces oligomerization of Bak. (a) Mitochondria (20 ug) were
incubated with 30 pmol GST—-p53-R72 proteins and then crosslinked with
BMH. Bak homo-oligomers were detected by immunobiotting with anti-Bak NT
(left). Black arrowhead indicates Bak multimers; open arrowhead indicates
Bak monomers; asterisk indicates an intramolecular crosslinked species of
Bak that is sometimes detected after BMH treatment!4. In the right pane!,
mitochondria were incubated with 60-100 pmol of the GST-p53-R72
proteins indicated, GST-tBid (positive control for cytochrome c release) or
GST-Mdm2 (negative control). The supernatant fraction was analysed for
released cytochrome ¢ by immunoblotting. (b) Mitochondria were incubated in
the presence or absence of 25 pmol GST-p53, GST alone, or no protein, with
or without trypsin treatment. Samples were then immunoblotted with antibody
raised against the Bak N terminus (anti-Bak Ab-1; left). Mitochondria were
incubated in the presence or absence of 125 pmol GST-p53-R72, with or

complex. Saos2 cells with inducible p53 were shifted from 39 °Cto 32 °C
to activate p53 and to induce apoptosis. At 6 h and 15 h after tempera-
ture shift, cell lysates were immunoprecipitated with an antibody to Bak
before western blotting for associated p53 or Mcl1 (Fig. 5¢). The results
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without trypsin treatment, and immunoblotted with antibody raised against the
Bak N terminus (anti-Bak NT; right). The difference in degree of Bak
oligomerization detected in the left versus right panels depends on the amount
of GST-p53 protein used. Under the same conditions, the mitochondrial
matrix protein Grp75 is trypsin-resistant. (c) Cytosolic S100 and
mitochondrial fractions from Bak** and Bak~- MEFs were immunoblotted for
mitochondrial proteins, GRP75 and Bak, and the nuclear-cytoplasmic protein
PCNA, demonstrating the integrity of the mitochondrial preparations and
absence of contamination from lysed nuclei (left). Mitochondria from Bak**
and Bak~~ MEFs were incubated in the presence or absence of GST-p53-R72
(right). Immunoblotting identifies release of cytochrome ¢ from the pellet
fraction to the supernatant in control, but not Bak-deficient, mitochondria. As
controls, mitochondrial pellets were immunoblotted for mitochondrial proteins
Bak and Grp75, added recombinant p53, and the nuclear marker Mdm2.

show that by 6 h, a p53—-Bak complex is present, while the Bak-Mcll
complex is no longer detectable despite the fact that mitochondrial Mcll
levels remain unchanged (Fig. 5¢). Notably, loss of the Bak-Mcl1 com-
plex precedes caspase activation, as caspase cleavage of target proteins
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Figure 4 Characterization of the Mc!1-Bak interaction. (a) The presence of
Mecll in cytosolic and mitochondrial fractions of unstressed Saos2 cells was
analysed by immunoblotting with an anti-Mcl1 antibody. (b) To evaluate the
interaction of Mcl1 with Bak, Bax and Bcl-x, mitochondria (300 ug) from
unstressed p53-null Saos2 cells were sotubilized in 1% Chaps. Mitochondrial
proteins were immunoprecipitated with anti-Bak, anti-Bax or anti-Bcl-x,_
antibodies, followed by immunoblotting with an anti-Mcl1 antibody. (c) To
determine the region of Bak required for Mcl1 interaction, in-vitro-translated
353-labelled full-length Mcl1 was mixed with in-vitro-translated full-length
wild-type Bak or the BH-domain Bak mutants indicated. Protein interactions
were assayed by immunoprecipitation with an anti-Bak antibody before
SDS-PAGE. (d) Overexpression of Mcl1 is associated with attenuated Bak
oligomerization in vivo, as illustrated for LoVo colon carcinoma cells and for
an Mcll-overexpressing derivative (LoVo-Mcl1). Bak multimer formation was
detected in a small percentage of cells undergoing spontaneous apoptosis in
an otherwise asynchronous population. Protein expression levels for Mcl1,
p53 and Bak were examined by immunoblotting.

such as Mdm?2, caspase-3 and caspase-8, was not detectable at 6 h, but
was clearly present by 15 h (see Fig. 5c and ref. 5). Additionally, we found
that the p53-Bak complex formed independently of caspase activation,
as p53—Bak complexes were detectable even in the presence of the broad-
spectrum caspase inhibitor ZVAD-fmk (Fig. 5d). These data reinforce
the conclusion that the formation of a p53-Bak complex and the disrup-
tion of the Bak-Mcl1 interaction represent opposing upstream events in
the mitochondrial cell death pathway.

Finally, to determine if p53 can disrupt the Bak-Mcl1 complex, we
performed in vitro assays with highly purified mitochondria and
recombinant p53 protein. In these studies, incubation of mitochondria
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with bacterially expressed His-tagged p53 protein resulted in a clear
decrease in the amount of Mcll interacting with Bak, as tested by
immunoprecipitation with an antibody to Bak and western blotting
for Mcll (Fig. 5e). Notably, disruption of the Mcl1-Bak interaction
correlated with formation of a p53-Bak complex (Fig. 5e), Bak
oligomerization (data not shown) and the release of cytochrome ¢
from mitochondria (Fig. 5¢). In contrast, incubation of mitochondria
with a control His-tagged protein, or with recombinant tBid, had no
effect on the Mcll-Bak complex (Fig. 5e). Identical results were
obtained using mitochondria purified from other cells, as well as a dif-
ferent form of recombinant p53 (GST-p53; data not shown).

In this study, we provide new insight into the mitochondrial apop-
tosis pathway by demonstrating that p53 and Mcll have opposing
actions in regulating the death effector Bak. These studies further
define a non-transcriptional role for mitochondrial p53 as a direct
upstream activator of Bak-mediated mitochondrial dysfunction. Our
data also support a model in which the anti-apoptotic Mcll protein
functions to maintain Bak in an inactive conformation in normal
cells. This could explain why enhanced expression of Mcll observed
in some tumours is associated with a reduced responsiveness to
chemotherapy and a poor prognosis?®?3-23, Previous studies have
indicated that Mcll downregulation alone may not be sufficient to
induce apoptosis'®2; our analyses are consistent with the idea that
both a disruption of a Bak-Mcl1 complex, as well as activation of Bak,
may be required. Accumulating data show that p53 can respond rap-
idly to adverse conditions by trafficking to mitochondria®-5; the abil-
ity of p53 to directly bind and activate Bak provides another
mechanism (in addition to its transcriptional functions) for p53 to
promote an enhanced, multi-faceted apoptotic response.
Consistently, it has recently been reported that the pro-apoptotic Bcl-
2 family member Bax can undergo oligomerization after treatment
with cytoplasmic p53 (ref. 26), although no direct interaction
between p53 and Bax could be detected®26. These and other studies
support a direct mitochondrial role for p53 in apoptosis induction,
but the relative contribution of this activity to p53-mediated cell
death remains to be assessed. Although it has been shown that a well-
characterized mutant of p53 lacking transcriptional function is defec-
tive at apoptosis induction in mice?’, this mutant was shown to be
defective at nuclear export, which we have shown is important for
mitochondrial localization®. Therefore, that study does not shed light
on this issue. Our finding that the P72 polymorphic variant of p53,
which has greatly reduced ability to localize to mitochondria, also has
significantly reduced ability to induce apoptosis®, suggests that fur-
ther assessment of the degree to which mitochondrial p53 contributes
to apoptosis induction is warranted. O

METHODS

Cell lines and purification of mitochondria. H1299 lung1 adenocarcinoma and
Saos2 osteosarcoma cells are p53 null. The following human cell lines contain
wild-type p53: LNCaP prostate carcinoma (R72); MCF7 breast carcinoma
(R72/P72); LoVo colon carcinoma {R72); PA1 ovarian teratocarcinoma (R72).
MEF cell lines were established from Bak** and Bak™~ mice (kindly provided
by T. Lindsten and C. Thompson, University of Pennsylvania, Philadelphia, PA).
Mitochondria were purified using a differential centrifugation method as
described!?8. Briefly, cells were harvested, centrifuged at 500g for 5 min at
4°C, and resuspended in fractionation buffer A (10 mM Hepes-KOH at pH 7.4,
0.1 mM EDTA, 1 mM EGTA and 250 mM sucrose) supplemented with protease
inhibitors (6 pg mi~! aprotinin, 6 ug mt™! leupeptin and 0.5 mM phenylmethyl-
sulphonyl fluoride (PMSF)). Cell disruption was performed by passing the cells
through a 23-gauge needle 3—5 times. The homogenates were spun at 700g for
10 min at 4 °C. The supernatants were removed and spun at 7,000gfor 10 min at
4 °C. The mitochondrial pellets were washed with fractionation buffer B
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Figure 5 The p53-Bak interaction correlates with disruption of the
Mcl1-Bak interaction. (a) Whole-cell extracts (100 pg) from PAl and
PA1-EG6 cells, either left untreated or treated with doxorubicin (Dox; 0.5
ug mi-1, 5 h), were analysed by immunoblotting with antibodies to
Mcll, p53 or Bak, as indicated (left). Whole-cell extracts (2 mg) from
PAl and PA1-E6 cells were immunoprecipitated with an antibody
against Bak before immunoblotting for Mcl1 (right). (b) Whole-cell
extracts from ts-R72 Saos2 cells, incubated at 39 °C or 32 °C, were
analysed with antibodies raised against p53, Mcll or Bak, as indicated
(left). The same whole-cell extracts were immunoprecipitated with anti-
Bak or anti-p53 antibodies before immunoblotting for Mci1 (right). (c}
Whole-cell extracts from ts-R72 Saos2 cells incubated at 39 °C or 32 °C
for 6 h or 15 h were analysed by immunoblotting with antibodies against
p53, Mcll, Bak, Mdm2, caspase-8 or caspase-3, as indicated (left). The

(10 mM Hepes-KOH at pH 7.4, 5 mM KH,PO,, 5 mM succinate and 250 mM
sucrose) and resuspended in fractionation buffer B to a final protein concentra-
tion of 2-3 mg m!™!. Protein concentration was determined using the Bradford
Reagent (Bio-Rad Laboratories, Inc., Hercules, CA).

Identification of mitochondrial p53-interacting proteins. Mitochondria were
purified from the ts-R72 Saos2 cells incubated at 39 °C or 32 °C for 22 h and
lysed in 1% Chaps Buffer (5 mM MgCl,, 137 mM KCl, 1| mM EDTA, 1 mM
EGTA, 1% Chaps and 20 mM Tris-HCl at pH 7.5) supplemented with protease
inhibitors. For immunopurification, an anti-p53 antibody conjugated to
agarose resin (EMD Biosciences, Inc., Oncogene Research Products, San Diego,
CA) was used. After five washes with 1% Chaps buffer, the associated proteins
were resolved by SDS—PAGE in a 10-20% gradient gel (Cambrex Bio Science
Rockland, Inc., Rockland, ME) and visualized by silver stain (Bio-Rad). The sil-
ver-stained band corresponding to ~28K was excised from the gel, subjected to

same extracts were immunoprecipitated with an anti-Bak antibody
before immunoblotting for Mc!l or p53 (middle). Cytosolic and
mitochondrial fractions from ts-R72 Saos2 cells incubated at 39 °C or
32 °C for 6 h were analysed by immunblotting for Mcl1 (right). (d) LoVo
cells were treated with camptothecin = zVAD-fmk for 5 h before
immunoblotting for p53, Bak, PARP or caspase-3 (left). The same
extracts were subjected to immunoprecipitation with an antibody against
Bak before immunoblotting for p53 (right). (e) Purified mitochondria
were incubated with the indicated recombinant proteins for 30 min at
30 °C. The mitochondria were pelleted, solubilized in 1% Chaps,
immunoprecipitated with an antibody to Bak and analysed by
immunoblotting for Mcll (top). The same blot was reprobed with an
antibody against p53 (middle). The supernatant fraction was analysed
for released cytochrome ¢ by immunoblotting (bottomn).

trypsin digestion, and the resulting peptides were analysed by liquid chro-
matography-tandem mass spectrometry at the Genomics Institute and
Abramson Cancer Center Proteomics Core Facility (University of Pennsylvania
School of Medicine, Philadelphia, PA).

Recombinant protein production. Recombinant GST-tagged proteins were
generated using the pGEX-4T-3 vector (Amersham Biosciences, Piscataway,
NJ), and recombinant His-tagged proteins were produced using pET-32
EK/LIC vector (EMD Biosciences). The GST-tagged proteins were induced for
6 h with 0.1 mM IPTG in BL21 cells doubly deficient for glutathione reductase
and thioredoxin reductase?. His-tagged proteins were induced for 6 h with 0.5
mM IPTG in BL21 (DE3) cells doubly deficient for glutathione reductase and
thioredoxin reductase. For purification of GST-p53, the bacterial pellets were
resuspended in BugBuster HT Extraction Buffer (EMD Biosciences) and
applied to glutathione-Sepharose 4B (Amersham Biosciences). The
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GST—p53—glutathione-Sepharose complex was washed five times with 20 col-
umn volumes of PBS lacking calcium and magnesium ions (Invitrogen,
Carlsbad, CA) and eluted with 10 mM glutathione in 50 mM Tris-HCl at pH
8.0. For purification of His-p53, the bacterial pellets were resuspended in
BugBuster HT Extraction Buffer (EMD Biosciences) with 5 mM Imidazole and
applied to Ni-NTA resin (Qiagen Inc., Valencia, CA). The His~p53-Ni-NTA
complex was washed five times with 20 column volumes of wash buffer (50 mM
NaH,PO,, 300 mM NaCl and 10 mM imidazole at pH 8.0) and eluted with
wash buffer containing 250 mM Imidazole. The eluted GST-p53 and His—p53
were dialysed against fractionation buffer B.

Bak activation and cytochrome ¢ release. For cytochrome c release and Bak
oligomerization assays'4!> involving human H1299 or Saos2 cells, 15 pg of
mitochondria were incubated with 30-60 pmol of the indicated recombinant
p53 proteins at 30 °C for 30 min. The mitochondria were pelleted at 10,000g for
15 min at 4 °C. Mitochondria were also isolated from Bak** and Bak~~ MEFs.
For these studies, 15 pg of mitochondria were incubated with or without 600
pmol of the GST—p53-R72 proteins at 30 °C for 45 min. The mitochondria were
pelleted at 10,000g for 15 min at 4 °C. After incubation, the supernatant frac-
tions were separated by SDS-PAGE and subjected to western blotting with an
anti-cytochrome ¢ antibody (BD Bioscience-Pharmigen, San Diego, CA). For
control reactions, mitochondrial pellet fractions were separated by SDS-PAGE
in 4-20% gradient gels and subjected to western blotting using antibodies
directed against the following proteins: cytochrome ¢ (BD Bioscience-
Pharmigen), GRP75 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), PCNA
(Santa Cruz Biotechnology), Mdm2 (EMD Biosciences), Bak (anti-Bak NT,
Upstate USA, Inc., Charlottesville, VA), and p53 (BD Bioscience-Pharmigen).
For detection of Bak oligomers using the uncleavable protein crosslinker 1,6-
bismaleimidohexane (BMH), 20 pg of mitochondria were incubated with the
indicated recombinant p53 proteins (15-30 pmol) for 1 h at 4 °C. After incuba-
tion, the proteins were crosslinked with 2.8 mM BMH (Pierce) for 30 min at
25-30 °C. The mitochondria were pelleted, dissolved in SDS sample buffer, and
loaded on Nupage Novex 10% Bis-Tris gels (Invitrogen). For Bak-Mcl1 disrup-
tion assay, 100 pg of mitochondria were incubated with His-thioredoxin, GST-
tBID, His-p53, or GST-p53 at 30 °C for 30 min. The mitochondria were pelleted
at 10,000g for 15 min, resuspended in 1% Chaps buffer, and immunoprecipi-
tated with an anti-Bak antibody (Upstate). Protein samples were separated by
SDS-PAGE in 10% gels and analysed by western blotting using an anti-Mcll
antibody (BD Bioscience-Pharmigen) or anti-p53 antibody (EMD Biosciences).

Treatment of Bak with trypsin. Mitochondria from H1299 or Saos2 cells were
purified as described above. 15-20 pg of mitochondria were incubated with or
without 25 or 125 pmol of recombinant p53 proteins, as indicated, at 30 °C for
30 min (125 pmol) or 60 min at 4 °C (25 pmol). The mitochondria were pel-
leted at 10,000g for 15 min at 4 °C and washed using fractionation buffer B
without protease inhibitors. The peliets were resuspended in 25 il of fractiona-
tion buffer B with or without trypsin (75-125 pg ml~!; Invitrogen). Reaction
mixtures were incubated on ice for 20 min. Trypsin digestion was stopped by
adding 25 pl of 2x sample buffer (100 mM Tris-HCl at pH 6.8, 4% SDS, 0.2%
bromophenol blue, 20% glycerol and 10% 2-mercaptoethanol) followed by
boiling for 5 min. Reaction mixtures (10 ul) were removed from each fraction
and resolved by SDS-PAGE in 4-20% gradient gels before western blotting with
an anti-GRP75 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The
remaining 40-pl reaction mixtures were resolved by SDS—PAGE in 4-20% gra-
dient gels and analysed by western blotting using two different antibodies
directed against the N terminus of human Bak (anti-Bak NT, Upstate USA;
anti-Bak Ab-1, Oncogene Research Products, San Diego, CA).

Co-immunoprecipitation and western blotting. For in vive co-immunoprecip-
itation studies, whole-cell extracts (500-2,000 pg) or mitochondrial lysates
(50-300 ng) were prepared in 1% Chaps buffer and immunoprecipitated with
the anti-Bak (Upstate), anti-Bcl-x; (Cell Signaling Technology, Inc., Beverly,
MA) or anti-Bax antibodies (Cell Signaling Technology). Precipitated proteins
were washed three times in 1% Chaps buffer, loaded onto 4-20% or 10-20%
Tris-glycine gradient gels, transferred overnight onto immunoblot polyvinyli-
dene difluoride (PVDF) membranes (Bio-Rad) and detected with ECL Western
Blotting Detection Reagents (Amersham Biosciences). Protein interactions
were examined after solubilization of mitochondrial fractions using the zwitte-
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rionic detergent Chaps, which unlike non-ionic detergents does not induce a
conformational change in Bak or Bax (refs 11, 31). For input analysis, 100 ug of
whole-cell extracts or 25 pug of mitochondrial fractions lysed in 1% Chaps
buffer were resolved by SDS-PAGE in 4-20% Tris-Glycine gels. Western blot
analyses were performed as described previously®”.

Where indicated, colon carcinoma LoVo (Bax deficient) cells were pretreated
with the broad-spectrum caspase inhibitor benzyloxy-carbonyl-Val-Ala-Asp-
fluoromethylketone zZVAD-fmk (general caspase inhibitor; BDPharmigen) at
40 pM for 30 min at 37 °C followed by treatment with or without 5 uM camp-
tothecin for 5 h. Whole-cell extracts (5 mg) were immunoprecipitated with the
anti-Bak antibody (Upstate) followed by western blotting using anti-p53 anti-
body (EMD Biosciences). For input analysis, 150 pug of whole-cell extracts were
resolved by SDS-PAGE in 4-20% Tris-Glycine gels, followed by western blot-
ting using anti-Bak antibody (anti-Bak NT; Upstate), anti-p53 antibody (EMD
Biosciences), anti-Caspase-3 antibody (Cell Signaling Technology) and anti-
PARP antibodies (EMD Biosciences).

In vitro mapping, in vitro mixing and GST-binding assays. In vitro transcrip-
tion-translation was performed with the TNT T7 Quick Coupled
Transcription/Translation System (Promega Corporation, Madison, WI).
Redivue 1-35S-Methionine was purchased from Amersham Biosciences:
(Piscataway, NJ). For in vitro mapping, 20 ul of 3S-labelled Bak proteins were
incubated with 15 pl of in-vitro-translated p53-R72 in 365 pl of 0.5% Chaps
buffer and immunoprecipitated with 1 pg of anti-p53-antibody (AB-6; EMD
Biosciences). For in vitro mixing experiments, 15 pl of >S-labelled Bak proteins,
45 pl of ¥S-labelled Bax protein or 15 ul of 3S-labelled Bcl-x; protein was incu-
bated with 15 pl of in-vitro-translated p53-R72 in 1% Chaps buffer and
immunoprecipitated with 1 pg anti-p53-antibody (AB-6; EMD Biosciences).
Analysis of the Mcl1-Bak interaction in vitro was performed by mixing 15 pl of
358-labelled Mcl1 with 20 pl of wild-type or mutant Bak proteins, followed by
immunoprecipitation using 1 ug of anti-Bak antibody (Upstate). After washing
Protein G-agarose with 0.5% Chaps buffer three times, 30 pl of pre-washed
Protein G-agarose bead slurry (15 ul of packed beads; Invitrogen) was added to
each reaction, followed by gentle rocking for 30 min at 4 °C. The in vitrobinding
reactions were washed three times using 1 ml of 0.5% Chaps buffer. GST pull-
down assays were performed as described’. Briefly, 1 ug of GST-p53 fusion pro-
teins were incubated with 25 pl of 3S-labelled full-length Bak proteins at 4 °C
for 30 min with agitation. After brief centrifugation, the beads were washed five
times and resuspended in protein sample buffer. Samples were subjected to
SDS-PAGE. To visualize 3*S-labelled proteins by fluorography, SDS-PAGE gels
were fixed, incubated in Amplify (Amersham Biosciences) and dried before
exposure to X-ray film. :

Plasmids and site-directed mutagenesis. Plasmids expressing different
GST-p53 proteins were described previously®. The Mcll ¢DNA was generated
from human placenta total RNA using the Titanium One-Step RT-PCR kit
according to the manufacturer’s instructions (BD Bioscience-Clontech, San
Diego, CA). Full-length human Bak and Bax were obtained by PCR amplifica-
tion using the pSG5-HA-Bak and pSG5-HA-Bax constructs (kindly provided
by J. Marie Hardwick, The Johns Hopkins University School of Medicine,
Baltimore, MD). Constructs for Bak mtBH1 (W125A, GI126E, R127A), Bak
mtBH2 (G175E, G176E, W177A), Bak mtBH2a (W170A, 11714, G175A,
G176A) and Bak mtBH3 (L78A, D83A) were generated by site-directed muta-
genesis using the QuikChange Site-Directed Mutagenesis Kit System
(Stratagene, La Jolla, CA). Mutations were verified by DNA sequencing.
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ABSTRACT

It has been said that no matter which direction cancer research turns, the p53 tumor
suppressor protein comes into view. The widespread role of p53 as a suppressor of tumor
development is believed to rely on its ability to induce programmed cell death in response
to stress, either the replicative stress associated with uncontrolled cellular proliferation, or
the environmental stresses that accompany tumor development, such as hypoxia. For
some time it has been believed that the role of p53 in inducing apoptosis in response to
such stress was as a master regulator coordinating the expression of other molecules
whose ultimate role was the execution of the cell. New data, however, suggest that p53
itself also has a direct role in accomplishing cell death, at the mitochondria.

Since its discovery a quarter century ago, the p53 tumor suppressor protein has been
recognized as a key factor in the induction of programmed cell death and cell cycle check-
point control in response to genotoxic and environmental stress.!3 The p53 pathway is
inactivated in the majority of human cancers, most likely because the pro-apoprotic func-
tion of p53 is critical to the inhibition of tumor development and progression. Thus, the
past twenty-five years have seen intensive and varied investigations to better understand
the functions that p53 uses to mediate apoptosis. Clearly established is p53’s role as a
nuclear transcription factor with the ability to activate, or repress, the expression of many
genes.I> A number of p53 transcriptional targets, such as the p53-induced genes BAX,
PUMA, NOXA, and the p53-repressed genes BCL2 and SURVIVIN, represent genes with
the potential to promote or inhibit apoptosis, respectively; in stressed cells. More recently,
however, a somewhat unexpected turn in the p53-mediated pathway to programmed cell
death has emerged with accumulating data that p53 has a direct cytoplasmic role at mito-
chondria in activating the apoptotic machinery.>!!

Because others®3%7:9:12 have expertly summarized the evidence supporting a transcrip-
tion-independent function of p53 in apoptosis, that information will not be repeated here.
Rather, we will touch briefly on a few points to exemplify the phenomenon. It has been
reported, for example, that under some circumstances, p53-dependent apoptosis can occur
in the absence of new protein synthesis, thereby excluding p53’s function as a transcrip-
tional activator.!31# Also, certain transcriptionally inactive mutants of p53 can still induce
apoptosis when overexpressed in tumor cells.!>!6 Finally, in response to some stresses, such
as hypoxia, p53 induces apoptosis but does not function as a transactivator.!” Intriguingly,
Moll and colleagues demonstrated that during p53-dependent apoptosis a fraction of
cellular p53 protein localizes to mitochondria and induces cytochrome c release; however,
this is not observed during p53-mediated cell cycle arrest.® Additional support for the
concept that p53 has a cytoplasmic role in apoptosis induction resulted from our func-
tional analysis of polymorphic variants of p53.8

Within exon 4 of the p53 gene, a common single-nucleotide polymorphism (SNP) at
codon 72 leads to the incorporation of either an arginine (R72) or a proline (P72) ac this
position of the protein. This SNP was first noted more than twenty years ago as a non-tumor
derived amino acid difference that affected the mobility of p53 on SDS-polyacrylamide
gels.!®1% This observation raised the possibility that this parricular amino acid change
might affect the structure of the p53 protein and, perhaps, its biological activities as well.
The codon 72 polymorphism is maintained at different allele frequencies in different
populations, and there appears to be a selection against the R72 allele in populations living
near the equator.2? These and other studies indicated that functional differences between
the R72 and P72 variants might exist.?0-22 We further investigated this possibility using
cell lines containing inducible versions of alleles encoding the R72 and P72 protein forms,
as well as in human cell lines expressing endogenous p53. Our studies revealed that the
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R72 form of p53 induces apoptosis markedly better than the P72
variant.? A similar conclusion has also been reached in two recent
publications.?324 When we explored the potential mechanisms
underlying the observed functional difference between the two p53
variants, we made the initially surprising discovery that the greater
apoptotic potential of the R72 form correlated with its much better
ability to traffic to mitochondria. We showed that this enhanced
mitochondrial localization of the R72 protein was associated with
increased nuclear export, due to increased binding of R72 to
MDM2, which catalyzes nuclear export of p53.%2 Based on these
data, therefore, we concluded that the enhanced apoptosis-inducing
activity of the R72 protein related, at least in part, to its greater
mitochondrial localization.

A major question arising from that study centered on defining
the apoptotic function of mitochondrial p53. We reasoned that
mechanistic insight to this process could be obtained from the iden-
tification of mitochondrial p53-interacting proteins. Using affinity
chromatography protocols and mass spectrometry, we have now
uncovered a direct interaction between the p53 tumor suppressor
protein and the mitochondrial death-effector protein BAK.!! BAK
is a pro-apoptotic member of the BCL2-family of proteins.?>26 An
analysis of whole cell or mitochondrial extracts by immunoprecipi-
tation-western blot analysis, demonstrated that the R72 form of p53
binds better to BAK than does the P72 variant, correlating with the
differences in apoptotic potential of the two p53 variants.
Interestingly, however, our in vitro analyses revealed that the R72
and P72 proteins bind equally well to BAK. These observations are
consistent with the conclusion that the enhanced interaction
between BAK and the R72 variant observed in intact cells reflects
the enhanced nuclear export and mitochondrial trafficking of this
p53 isoform.

In healthy cells, BAK resides at mitochondria as an inactive
monomer. In response to various death stimuli, it undergoes an acti-
vating allosteric conformational change that promotes homo-oligomer-
ization. This leads to formation of a pore in the outer mitochondrial
membrane, and allows the release of cytochrome c and other
pro-apoptogenic factors from the mitochondria resulting in the activa-
tion of a caspase cascade.?’-?? Having established that stress-activated
p53 physically interacts with BAK, we then sought to test whether
p53 has the ability to conformarionally alter BAK and mediate the
release of cytochrome ¢ from mitochondria. In well-established
assays utilizing purified mitochondria, we determined that p53
behaved in a manner similar to that of another BAK-interacting
protein, tBID, which also catalyzes the oligomerization of BAK.?
Specifically, incubation of mitochondria with even nanomolar
amounts of recombinant p53 rapidly induced a conformational
change in BAK, along with BAK oligomerization and cytochrome ¢
release. Importantly, we showed that p53 requires the presence of
BAK on purified mitochondria in order to induce cytochrome ¢
release, indicating that p53 is acting through a previously recognized
genetic pathway of mitochondrial apoptosis.

Given the discovery that p53 can bind and activate BAK, we
sought to elucidate how this interaction might impact on other key
factors that regulate the programmed cell death machinery.
Reasoning that p53 might alter the interaction of BAK with
anti-apoptotic BCL-2 family members, we focused attention on
another mitochondrial protein, MCL1. This decision was based, in
part, on previous observations that anti-apoptotic proteins such as
BCL-2 and BCL-X| are not normally present at the mitochondria
and do not appreciably interact with BAK in unstressed cells.30-32
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Figure 1. A model for the role of mitochondrial p53. In response to cell stress
signals, p53 is activated. Relative to the P72 form of p53, the R72 variant
exhibits a greater ability to traffic to mitochondria. Binding of the R72 vari-
ant to pro-apoptotic mitochondrial membrane protein BAK leads to disrup-
tion of BAK-MCL1 interaction. The formation of a p53-BAK complex induces
a conformational change in BAK, BAK oligomerization, and the release of
cytochrome ¢ from mitochondria to the cytosol.

Even more interesting, however, were recent dara®? indicating that
this anti-apoptotic BCL-2 family member, MCL1, functions as a
critical upstream regulator of the mitochondrial apoptotic program.
The downregulation or loss of MCL1 seems to be necessary, albeit
insufficient, to initiate the cell death process, preceding events such
as BAX/BCL-X; translocation to mitochondria and BAK oligomer-
ization. In this regard, Cuconati et al. have found that in unstressed
cells, BAK is complexed with MCL1, and this interaction is lost
following adenovirus E1A-initiated apoptosis.>3 We determined that
MCL1 is complexed with BAK in normal cells, but that the
stress-induced activation of p53 leads to disruption of the BAK-
MCLI complex.!! Additionally, we demonstrated that formation of
a p53-BAK complex and concomitant disruption of the BAK-
MCL]1 interaction represent early events in apoptosis that occur
prior to cytochrome ¢ release and caspase activation. Collectively,
then, these observations support a model in which the tumor sup-
pressor p53 and the anti-apoptotic MCL1 protein have opposing
upstream roles in mitochondrial apoptosis: by directly binding to
mitochondrial BAK, the MCL1 and p53 proteins function either to
inhibit or to promote, respectively, BAK’s pro-apoptotic behavior
(Fig. 1).

The data described above provide new insight into the mecha-
nisms involved in an extra-nuclear direct role of p53 in apoptosis
induction, binding and oligomerization of BAK. Recently, like BAK,
the BCL2 family members BAX and BCL-X have also been impli-
cated in mitochondrial apoptosis induction by p53.%!° Employing
both in vivo and in vitro binding assays, we have detected much less,
if any, association between these proteins and p53. These discrepant
results may stem from variations in experimental conditions used by
different groups; indeed, binding conditions must be stringently
controlled in such assays, as the conformation and binding activity
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of BCL-2 family proteins, including BAX and BCL-X,, are known
to be strongly influenced by buffer and detergent conditions.3!:34
The biological importance of a p53-BAK interaction is supported by
the finding that p53 can efficiently cause cytochrome c release from
isolated mitochondria even if these organelles contain litte if any
BAX,? but cannot do so if these organelles are BAK-deficient.!!
Furthermore, rumor cells deficient in BAX, or BCL-X, are still
competent for p53-dependent apoptosis associated with the forma-
tion of a p53-BAK complex at mitochondria (our unpublished
observations).

The combined data argue for a direct role of p53 in programmed
cell death. However, if one is to accept the relevance and significance
of the mitochondrial pathway of p53-dependent apoptosis, at least
two findings in the literature must be explained. The first is the finding
by Wahl and colleagues that a synthetic p53 mutant that is transcrip-
tionally inactive (p53QS) is also completely unable to function as a
tumor suppressor in genetically-engineered mice.3> Additionally,
mice that are genetically engineered to lack the BH3-only protein
PUMA, a transcriptional target of p53 and BCL-2 family member,
have cells tha are greatly impaired for apoptosis induction.3¢ These
two findings have led to the notion thart the transcriptional activity
of p53 is largely, if not wholly, responsible for apoptosis induction
by this protein. Such a conclusion would be not be supported by the
existent data, however. For example, the transcriptionally-inactive
p53QS mutant is also known to be unable to bind to MDM2.3537
It has been shown that MDM2 is essential for efficient nuclear
export of p53,383% and further that forms of p53 thar interact less
well with MDM2, like the proline 72 polymorphic variant, also
exhibit impaired mitochondrial localization.® In line with this, Wah!
and colleagues reported® that the p53QS mutant had greatly
impaired nuclear export, and abnormal retention of nuclear p53;
therefore, this synthetic mutant would be predicted to have a dysfunc-
tional mitochondrial pathway. Interestingly, the p53 target gene
PUMA is also a component of the mitochondrial apoptosis pathway;
it has been proposed that PUMA induces cell death by inhibiting the
activity of anti-apoptotic BCL-2 family members.“%4! Therefore, it
will be of interest to determine if the loss of PUMA alters the thresh-
old of active BAK at the mitochondria, thereby impairing oligomer-
ization of BAK by p53. This hypothesis remains to be tested.

While some questions about the actions of mitochondrial p53
have now been answered, many others remain. Certainly a key issue
centers on defining the relative contribution of the mitochondrial
function of p53 to overall p53-mediated cellular apoptosis. Also, it
remains to be determined if this extra-nuclear function of p53 is
preferentially activated in tumor cells, relative to normal cells, and if
there are other factors (including cell type or nature of the stress)
involved in targeting p53 to mitochondria. It is of interest that the
stress-induced localization of p33 to mitochondria has been
observed in most tumor cells and rapidly proliferating normal cells,
but not in cells that tend to growth arrest in response to p53, such
as human fibroblasts.8 These findings raise the possibility that the
mitochondrial localization of p53 may be the elusive deciding factor
that dictates whether cells die in response to p53, or whether they
growth arrest. Another factor that should be considered in evaluating
the literature and in designing future studies in this area concerns the
codon 72 polymorphism of p53. As discussed above, this common
polymorphism strongly influences the degree of p53 mitochondrial
localization and apoptosis.® Recent data also suggest that it is an
important determinant of the response to chemotherapeutic agents
in tumor cells with wild type p53.24
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The loss of p53 function directly contributes to tumor progression
and chemoresistance. Thus, restoring key elements of this pathway
represents an obvious and attractive target for cancer diagnosis and
therapeutics. Approaching this goal, however, requires a clearer
understanding of the mechanisms by which p53 acts in the execution
of cell death pathways. The studies summarized above strengthen the
conclusion that p53 can function directly at the mirochondria to

promote apoptosis, and provide the groundwork for a novel thera-
peutic pathway.
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